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Abstract 
The thermal stability and decomposition kinetics of PLA/sisal biocomposites was discussed to 
evaluate the suitability of their use in energy recovery processes such as pyrolysis and combustion. 
The influence of the addition of sisal up to 30%wt, the presence of coupling agent, and the 
atmosphere of operation, i.e. inert or oxidative was discussed by means of multi-rate linear non-
isothermal thermogravimetric experiments. All biocomposites showed a mean high heating value of 
15 MJ/kg indicating their suitability for energy recovery processes. The thermal requirements of 
PLA/sisal decomposition were assessed in terms of onset decomposition temperature and apparent 
activation energy. A minimum of 240 °C and 174 kJ·mol-1 in inert environment and 225 °C and 190 
kJ·mol-1 in oxidative environment ensured the feasibility of the reactions regardless the composition 
of the PLA/sisal biocomposites. The atmosphere of work lead to a greater amount of residue in case 
of pyrolysis reactions that would need further treatment whereas an oxidative atmosphere resulted 
in nearly zero final waste stream. The similar kinetics obtained for all samples regardless the 
amount of sisal or use of coupling agent eases the operability of energy facilities aimed of turning 
these biowastes into new fuels.   
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List of abbreviations and symbols 
 Degree of conversion 
 Heating rate of thermogravimetric analysis (°C·min-1) 
mi Mass loss of the decomposition process i (%) 
A Pre-exponential factor 
CA Coupling agent 
DoE Design of Experiments 
DTG first-derivative thermogravimetric curve 
E Effect 
Ea Apparent activation energy (J·mol-1) 






MEP Main effects plot 
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MP Master plots 
MPf,g Differential (f) and integral (g) form of MP 
n Reaction order in kinetic functions 
PLA Polylactide 
TG Thermogravimetric curve 
TGA Thermogravimetric analysis 
T0 Onset temperature (ºC) 
Te Endset temperature (ºC) 
Tpi Peak temperature of decomposition process i (°C) 
VYZ Vyazovkin  
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1. Introduction  
The eco-design of biopolymers is usually focused on raw materials from renewable resources, 
optimisation of performance and reduction of wastes by biological valorisation (Badia et al., 2017a, 
2017b)[1]. The replacement of polymer commodities such as polyethylene (PE), polypropylene 
(PP) or polyethylene-terephthalate (PET), by biopolymers is in increasing trend (Niaounakis, M. 
(2015) in different sectors such as automotive (de Moura et al. 2017), packaging (Coles & 
Meredith, 2014)  or building (Pacheco-Torgal, 2016), among others, whichwill result in a 
considerable new biopolymeric waste stream, and the facilities for material or biological 
valorisation such as composters might not be enough to cover the demand. In this sense, the energy 
valorisation of bio-based materials once their service life has been completed still remains as an 
interesting niche for research and development (Al-Salem et al., 2009).   
Biocomposites based on polylactide matrix and natural fibres like sisal as mechanical reinforcement 
are one of the current developed green materials, which come from agricultural and forestry 
biomass (Oksman et al. 2003). The addition of coupling agents in the formulation of the 
biocomposites is commonly considered to pursue better interface adhesion and improve the 
performance of the PLA/sisal biocomposites (Gil-Castell et al. 2016a, 2016b, Badia et al., 2017c). 
However, these added components may alter the thermal requirements for energy valorisation and 
should be taken into account when designing thermal valorisation facilities. The application of 
thermo-chemical operations must be carefully evaluated and the knowledge of the thermal behavior 
of materials is of primary importance in the selection of appropriate operational parameters for the 
valoriser.  
C. Moliner, J.D. Badia, B. Bosio, E. Arato, R. Teruel-Juanes, T. Kittikorn, E. Strömberg, M. Ek, S. Karlsson, A. Ribes-Greus, 
Thermal kinetics for the energy valorisation of polylactide/sisal biocomposites, Thermochimica Acta, Volume 670, 2018,169-177 
6 
 
Thermogravimetric Analysis (TGA) is a reliable technique to assess the thermal stability and 
decomposition kinetics of biopolymers by means of multi-rate isoconversional methods under the 
desired conditions of work. The assessment of the temperature of start and end of decomposition 
(i.e. onset and endset temperature), the evaluation of the apparent activation energy and the 
description of the decomposition process by means of a kinetic function are relevant parameters for 
the design and scale-up of energy valorisers (Moliner at al. 2016a, 2016b). Recently, several works 
address the study of the decomposition profile and kinetics expressions for biopolymers, biomass 
and biocomposites such as corn stalk (Cai et al. 2017), prosopis juliflora (Chandrasekaran et al. 
2017), camel grass (Mehmood et al. 2017), chitin and chitosan (Moussou et al. 2016), PBAT/coffee 
(Moustafa et al. 2017), PBS/natural fibres (Dorez et al. 2013), polylactide (Badia et al. 2012b, Gil-
Castell et al. 2018) or PHBV/sisal (Moliner et al. 2017a) which indicates the increasing trend to 
consider them as suitable materials for energy valorisation processes.   
The purpose of this work is to assess the thermal stability and decomposition kinetics of 
biocomposites based on polylactide and sisal fibre through inert and oxidative decomposition by 
multi-rate thermogravimetric analysis with the aim to evaluate their feasibility for energy 
valorisation processes, i.e. pyrolysis and combustion, respectively. This study may represent the 
limiting operational requirements for thermo-chemical processes that use air under industrial 
conditions (Fang et al. 2006). The influence of the amount of sisal and the presence of coupling 
agent in the biocomposites was also evaluated. The suitability of their use in pyrolysis or 
combustion process was discussed in terms of thermal kinetics and minimum thermal requirements 
for their energy valorisation.  
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2. Experimental procedures 
2.1. Materials and sample preparation 
Polylactide (PLA) 3251D was purchased from Natureworks (Minnetonka, USA) as pellets with a 
glass transition in 65-70 ºC range. Sisal fibres, a farming crop, were supplied by the Thai Royal 
Project (Kittikorn, 2013). Maleic anhydride (MAH) M188-99% (Sigma-Aldrich, Sweden AB) and 
dicumyl peroxide (DCP) 98% (Sigma-Aldrich, Sweden AB) were used as coupling agent and free 
radical initiator, respectively.  
Virgin PLA (PLA) and sisal fibre were initially dried in an oven at 80 ºC for 12 hours and then kept 
in zip bags. The fibre contents in the biocomposite were 10%, 20% and 30% by weight with and 
without coupling agent. In case of not using coupling agent, composites were prepared in an 
internal mixer (Brabender, Germany) during 5 minutes at 180 ºC and at the speed of 50 rpm. The 
resulting biocomposites were labelled as PLA10, PLA20 and PLA30 according to previous 
optimisation results (Kittikorn, 2013). Biocomposites containing the coupling agent were prepared 
by incorporating MAH 2.5% and DCP 0.3% (w/w) in molten polymer and mixing during 5 minutes 
at 180 ºC and at the speed of 50 rpm. These samples were labelled as PLA10CA, PLA20CA and 
PLA30CA. PLA/sisal biocomposites were then ground and the granules dried at 80 ºC in the oven 
during at least 12 h.  
A compression moulding equipment (Fontijne Presses, Netherlands) was used for the obtainment of 
the final samples.The biocomposites preparation procedure was: preheating the press at 200 ºC for 2 
min, and application of a compression force of 150 kN for maximum 2 min to minimise the 
potential degradation effects that could be produced. An automatic cooling procedure of the hot 
press was performed. All the compression moulding operations were performed under vacuum 
conditions. The thickness of the sheet samples was 0.5±0.1 mm.  
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Finally, all biocomposites were dried at 50 ºC in a vacuum oven (Heraeus Vacutherm 6025, 
Germany), then kept in zip bags and placed in a desiccator for further analyses at normalized lab 
conditions according to ISO 291 (ISO 291). 
Moreover, all samples were characterised by their proximate analysis from Standard ASTM D-5373 
(ASTM, 2002). Calorific values were also determined through the application of suitable 
correlations.  
2.2. Thermogravimetric analyses 
Multi-rate linear non-isothermal thermogravimetric analyses (TGA) were carried out in a Mettler 
Toledo TGA/SDTA 851 (Columbus, OH) thermogravimetric analyser. Samples weighing around 7 
mg were heated in an alumina holder with capacity for 70 L. The size of samples was around 2 x 2 
mm to minimise mass and heat transfer phenomena. Experiments were performed from 25 ºC to 
800 ºC at different heating rates (=2, 5, 10, 20 ºC·min-1) under constant flow of 50 mL∙min-1 of gas 
of analysis. All analyses were set under inert (Ar) and oxidative (O2) atmospheres to characterise 
the inert and oxidative processes, respectively. A previous blank curve was performed before each 
set of experiments to reduce probable buoyancy effects (Prime et al. 2008). The experiments were 
repeated three times and the average of the characteristic TGA temperatures, along with the mass-
losses of each decomposition stage, were considered as representative values.  
 
2.3. Statistical Assessment 
A statistical procedure of data analysis was performed in order to assess the individual influence of 
each studied variable (Box et al. 2005). The influence of each input variable (Factor) at the different 
tested values (Levels) was analysed by means of Main Effect Plots (MEP), as shown elsewhere 
(Badia et al. 2011, 2017b).  
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The Factors/Levels under consideration were (i) fibre amount (wt%) / 0, 10, 20, 30; (ii) use of 
coupling agent / NO, YES; and (iii) atmosphere of analysis / Ar, O2. The Effects chosen for the 
analysis were the experimental outputs of characteristic temperatures and mass losses.  
 
3. Results and discussion 
Firstly, the biocomposites composition and their calorific values were evaluated to ensure the 
suitability of these materials for energy recovery (Section 3.1).  
Once proved valid, the thermal performance of PLA and PLA/sisal biocomposites was initially 
addressed to evaluate the thermal requirements and stages of inert and oxidative decomposition 
(Section 3.2). Afterwards, the apparent activation energy variation along the mass-to-energy 
conversion process was evaluated by means of the isoconversional methods. Finally, a kinetic 
triplet and appropriate operational inputs for energetic valorisation of PLA and PLA/sisal 
biocomposites were proposed (Section 3.3).  
As a result of the applied methodology, the temperature ranges to define the most adequate 
operating parameters for the valoriser and the kinetic expression describing the rate of 
decomposition of the biocomposites as a function of the applied temperature were obtained  and 
discussed for all materials. 
This research represents the limiting operational values for the energy valorisation of PLA/sisal as a 
feedstock. Once these limits are established, the different possibilities that fall within the thermo-
chemical range can be studied by adapting their adequate operational conditions. For example, the 
use of air will lead to lower reaction temperatures compared to those obtained in the present work, 
as reported in literature (Fang et al. 2006).  
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3.1. Biocomposites composition and calorific values 
The compositions of all samples are gathered in Table 1. Calorific values were determined from the 
proximate analysis through the correlation by Parikh et al. (2005): 
 
HHV (MJ/kg, dry basis) = 0.3536FC+0.1559VM-0.0078Ash (1) 
with FC: %wt fixed carbon, VM: %wt volatile matter, Ash: %wt ash content 
Table 1. Proximate analysis and high calorific value for PLA/Sisal biocomposites 
 
Remarkably, a high mean calorific value (15 MJ/kg) was obtained for all samples which showed 
their suitability to be used for energy recovery purposes in line with other biomaterials already 
proposed as energy vectors like rice straw: 13 MJ/kg (Moliner et al, 2016a) or prosopis juliflora: 16 
MJ/kg (Seethalakshmi et al. 2013). 
 
3.2. Assessment stability of the biocomposites: inert and oxidative conditions  
The thermogravimetric curves (TG) were obtained for each biocomposite at all β under inert and 
oxidative atmospheres. The descriptive profiles of inert and oxidative decomposition are shown in 
Fig 1.  
  
Sample PLA PLA10 PLA20 PLA30 PLA10CA PLA20CA PLA30CA 
Proximate analysis (wt% db) 
Ash 0,6 3,0 4,7 6,0 1,9 4,4 6,0 
Volatile Matter 98,2 95,6 93,6 91,7 95,6 93,5 91,2 
Fixed Carbon (diff) 1,2 1,4 1,7 2,3 2,5 2,1 2,8 
High Calorific Value  
(MJ/kg) 
15,73 15,37 15,16 15,06 15,77 15,28 15,16 
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Figure 1. Thermogravimetric (TG) curves for PLA (a) and PLA30CA (b) for all β at inert atmosphere; TG curve at 
=10 ºC·min-1 for PLA and the corresponding composites, under both inert (c) and oxidative (d) atmospheres; Influence 
of the addition of CA on the decomposition of PLA biocomposites under both inert (e) and oxidative (f) atmospheres.  
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The experimental effect of the heating rate used in TGA is shown in Fig 1a for neat PLA and Fig 
1b for PLA30CA as model cases. As expected, higher β shifted the thermograms to higher 
temperatures. The influence of the addition of sisal fibre into the formulation of PLA/sisal 
biocomposites can also be studied from Fig 1a and Fig 1b for PLA and PLA30CA respectively. 
The samples were taken as model cases due to their performance as extreme cases with the TG 
curves of the rest of PLA/sisal biocomposites laying in between them.  
The onset of decomposition started at lower temperatures and ended at higher temperatures the 
larger the load of sisal was, regardless the atmosphere of work. This fact can be checked in Table 2 
where the temperatures of start (onset-T0) and end of decomposition (endset-Te) for PLA and 
PLA/sisal biocomposites are gathered. The same decreasing trend was followed by the temperatures 
at maximum mass loss rate. They were obtained from the minimum of the first-derivate 
thermogravimetric (DTG) curves, i.e. peak temperatures (Tp) and are gathered in Table 3 for all 
processes.  
The repercussion of the atmosphere of work is pictured in Fig 1c and Fig 1d, where the TG curves 
at =10 ºC·min-1 for PLA and the corresponding PLA/sisal biocomposites without coupling agent 
are shown. Additionally, with the aim of describing the individual steps, a deconvolution procedure 
was applied to all samples following the methodology explained elsewhere (Badia et al. 2010). The 
mass-losses associated to each decomposition stage studied at =2 ºC·min-1, for which the 
phenomena of thermal inertia are minimised, are given in Table 3.  
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Table 2. Characteristic temperatures (T0, Te) and T for PLA/Sisal biocomposites (Ar-O2) at 2 
ºC/min and associated error values (e) 
 Ar O2
Material  T0 (ºC) e  (%) Te (ºC) e  (%) T  (ºC) T0 (ºC) e  (%) Te (ºC) e  (%) T  (ºC) 
PLA 239 ±1,3 351 ±3 112 209 ±0,4 455 ±1,6 246 
PLA10 232 ±0,7 359 ±2 127 216 ±0,3 458 ±0,8 242 
PLA20 228 ±1,4 362 ±1,7 134 221 ±0,4 478 ±1,7 257 
PLA30 228 ±0,8 356 ±1,9 128 221 ±1,0 475 ±0,8 254 
PLA10CA 220 ±2 355 ±2 135 225 ±0,5 467 ±0,4 242 
PLA20CA 222 ±1,1 355 ±1,5 133 215 ±0,3 471 ±0,9 256 
PLA30CA 215 ±0,8 363 ±1,8 148 210 ±0,9 479 ±1,3 269 
Table 3. Characteristic temperatures (Tp1, Tp2, Tp3) for PLA/Sisal biocomposites (Ar-O2) (2, 5, 
10, 20 ºC/min) and associated error values (e) 
 Ar O2 
 Material  Tp1 (ºC) e  (%) Tp1 (ºC) e  (%) Tp2 (ºC) e  (%) Tp3 (ºC) e  (%) 
 PLA 327 ±1,8 329 ±0,4 - - 416 ±0,7 
 PLA10 324 ±2 312 ±1,2 331 ±0,9 405 ±1,5 
 PLA20 316 ±0,7 309 ±0,4 330 ±0,7 402 ±0,3 
2ºC/min PLA30 303 ±0,5 301 ±1,1 325 ±0,7 403 ±0,8 
 PLA10CA 322 ±2 316 ±1,9 332 ±1,3 409 ±1,1 
 PLA20CA 319 ±1,2 312 ±2 330 ±1,2 403 ±1,3 
 PLA30CA 316 ±0,8 302 ±0,5 327 ±0,9 407 ±1,1 
 Material  Tp1 (ºC) e  (%) Tp1 (ºC) e  (%) Tp2 (ºC) e  (%) Tp3 (ºC) e  (%) 
5ºC/min 
PLA 348 ±0,5 343 ±0,3 - - 447 ±0,5 
PLA10 336 ±0,7 331 ±0,5 345 ±0,6 428 ±0,4 
PLA20 324 ±0,5 331 ±0,2 345 ±0,3 426 ±0,2 
PLA30 318 ±0,9 325 ±0,1 339 ±0,7 421 ±0,2 
PLA10CA 334 ±0,2 324 ±0,1 343 ±0,2 427 ±0,3 
PLA20CA 348 ±0,3 328 ±0,3 344 ±0,1 425 ±0,2 
PLA30CA 333 ±0,1 325 ±0,1 342 ±0,1 426 ±0,3 
 Material Tp1 (ºC) e  (%) Tp1 (ºC) e  (%) Tp2 (ºC) e  (%) Tp3 (ºC) e  (%) 
10ºC/min 
PLA 357 ±0,7 350 ±0,6 - - 478 ±0,8 
PLA10 350 ±0,5 340 ±0,4 348 ±0,4 429 ±4 
PLA20 345 ±0,4 337 ±0,6 354 ±0,2 442 ±0,8 
PLA30 342 ±0,4 329 ±0,4 351 ±0,1 437 ±0,7 
PLA10CA 348 ±1,1 338 ±0,4 355 ±0,8 442 ±0,5 
PLA20CA 348 ±0,7 337 ±0,3 355 ±0,3 441 ±0,5 
PLA30CA 345 ±0,6 337 ±0,4 354 ±0,7 443 ±0,6 
 Material  Tp1 (ºC) e  (%) Tp1 (ºC) e  (%) Tp2 (ºC) e  (%) Tp3 (ºC) e  (%) 
20ºC/min 
PLA 370 ±0,2 365 ±0,2 - - 482 ±0,4 
PLA10 355 ±0,1 350 ±0,3 368 ±0,2 457 ±0,4 
PLA20 347 ±0,2 353 ±0,1 362 ±0,1 461 ±0,6 
PLA30 351 ±0,3 338 ±0,1 362 ±0,2 459 ±0,7 
PLA10CA 354 ±0,2 349 ±0,2 367 ±0,1 461 ±0,9 
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PLA20CA 354 ±0,5 345 ±0,1 364 ±0,3 452 ±0,5 
PLA30CA 351 ±0,1 341 ±0,2 363 ±0,1 461 ±0,4 
 
A single-step mass-loss process was observed under inert conditions (Fig 1c) indicated that the 
polymer matrix and the fibre decomposed at the same time. For this reason, the mass loss for 
pyrolysis in Table 3 is presented as the sum of both contributions (m1+m2). The addition of 
natural fibres resulted in an increase on the final residue indicating that fibres were less prone to 
decompose in a non-reactive ambient.  
A three-step mass-loss process was observed under an oxidative atmosphere, which almost 
consumed the whole mass of the PLA/sisal biocomposites, as can be checked at the inset of Fig 1d. 
The first step of the decomposition occurred at ~315 ºC for all PLA/sisal biocomposites and neat 
PLA. A slight decrease of the mass loss associated to this process (∆m1) was observed with the 
increase of the percentage of natural fibres in the biocomposites. Therefore, this mass-loss step was 
ascribed to the decomposition of the polymeric matrix, in agreement with literature (Kopinke et al. 
1996). The second step occurred at around 330 ºC, eliminating an increasing quantity of mass (∆m2) 
with the percentage of fibre in the matrix. Thus, this second step was related to the decomposition 
of sisal, in agreement with literature (Josep at al. 2003). Finally, a third step was observed assigned 
to the further breakage of the decomposition products from the previous step (Monteiro et al. 2012).   
The onset temperature T0 of samples with fibres decreased under inert conditions respect to the 
polymeric matrix, whereas the contrary trend was observed for oxidative environment (Table 2). 
This behaviour indicates that the addition of sisal to the PLA matrix moderately improved  the 
thermal stability of the PLA/sisal biocomposites in oxidative reactions.  
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This fact may be attributed to the enhancement on the reinforcing efficiency of the natural fibre 
based on the content of cellulose which is relatively resistant to oxidising agents (John et al. 2008). 
Lastly, the temperature of maximum mass loss rate was lower under oxidative than inert conditions, 
as a result of an increased reactivity in the system (Table 3). 
The influence of the presence of coupling agent in the PLA/sisal biocomposites is shown at the TG 
profiles in Fig 1e and Fig 1f for the experiments under inert and oxidative atmospheres. It generally 
resulted in a decrease in the onset temperature of decomposition under inert conditions whereas no 
significant effect was observed when oxidative conditions were applied (Table 2). It was not 
relevant as well in terms of temperatures of maximum rate of decomposition (Table 3). 
Concerning mass-losses, oxidative conditions provided lower residual percentages with a maximum 
value of ~3% suggesting that the biopolymers were highly affected by oxidative reactions (Table 
4).  The higher amount of residue after pyrolysis respect with combustion should be carefully 
evaluated as it could represent a new waste stream requiring further treatments if no applications 
were found whereas the application of combustion would lead to a zero-waste scenario.  
 
Table 4. Averaged associated mas loss (m1, m2, m3) and remaining residue for PLA/Sisal 
biocomposites (Ar-O2) at =2 °C/min and associated error values (e) 
 
 Ar O2 
Material  m1 + m2 
(%) 
e  (%) m3 (%) e  (%) Res  (%) m1 (%) e  (%) m2 (%) e  (%) m3 (%) e  (%) Res  (%) 
PLA 98,2 ±2 - - 1,8 90,2 ±2,4 - - 8,6 ±2 1,2 
PLA10 95,6 ±3 - - 4 75,2 ±3,4 14,1 ±2 9,3 ±1,4 1,4 
PLA20 93,6 ±3 - - 6 74,5 ±3,3 15,2 ±1 8,6 ±1,3 1,7 
PLA30 91,7 ±2 - - 8 71,8 ±3,6 15,5 ±2 10,4 ±3 2,3 
PLA10CA 95,6 ±3 - - 4 67,8 ±4,2 17,5 ±3 12,2 ±2 2,5 
PLA20CA 93,5 ±2 - - 6 68,6 ±4,3 17,2 ±3 12,1 ±1,3 2,1 
PLA30CA 91,2 ±3 - - 9 68,1 ±3,4 17,4 ±3 11,7 ±2 2,8 
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In summary, a minimum temperature of 240 °C would be necessary to carry out the reaction of 
pyrolysis of the PLA and its biocomposites with sisal. For the case of oxidative reactions, 225 °C 
would be required in order to perform the complete oxidation of the biocomposites. 
A statistical evaluation of the thermal properties of all samples has been performed in order to offer 
an overview of the effect of the addition of fibres, as well as the effect of the addition of CA and 
atmosphere of work on the main thermal parameters.  
The Main Effect Plots (MEP) for the response variables T0 (a) and Δm1+ Δm2 and Δm3 (b) are 
shown in Fig 2a and Fig 2b, respectively. The solid line represents the mean values in each case 
and the data relative position showed which factors influenced the response the most (Badia et al. 
2011a, 2011b). 
 The percentage of fibre and atmosphere of thermal operation was relevant for the onset 
temperature and the mass-losses. The coupling agent was relevant only for the onset 
temperature, but not for the mass-loss.  
 Focusing on the onset temperature, the most relevant factor was the atmosphere, followed 
by the addition of fibre and use of coupling agent in a similar magnitudes, but contrary 
trends. While the addition of sisal diminished the trigger of thermal decomposition of the 
PLA/sisal biocomposites under inert conditions, the addition of coupling agent retarded it to 
higher temperatures, close to that of neat PLA. 
 Concerning the mass-loss, the addition of fibre influenced in a contrary fashion the decrease 
of the Δm1+ Δm2 related to the polylactide matrix and the increase of Δm3 related to the 
decomposition of the final highly carbonous species, which is clearly affected by the 
atmosphere of analysis, as seen in Table 3. 
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Fig 2. Main Effect Plots (MEP) of the statistical analysis for the variables temperature of decomposition – T0 (a) and 
mass loss - mi (b). 
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3.3. Assessment of the kinetic triplet to model the inert and oxidative decomposition kinetics 
The study of the kinetics of inert and oxidative decomposition is an essential step to define the 
operational conditions for correct performance of a thermo-chemical reactor. Equilibrium 
conditions can be assumed when performing preliminary studies for the feasibility of energy 
recovery processes. However, an accurate definition of the process for its further optimisation 
would require the implementation of the exact kinetic expression that define the precise reaction 
rates and conversions (Moliner et al. 2017b, 2017c).The extension of the kinetic law to a greater 
scale should take into account potential heat and mass transfer limitations. In this sense, spouted 
bed reactors present high isothermicity and excellent heat transfer between the phases and ensure 
the validity of the application of the kinetic results (Niksiar et al, 2015).    
The three characteristic parameters defining a kinetic law are: apparent activation energy (Ea), pre-

















The kinetic triplet of the main thermal decomposition processes of PLA/sisal biocomposites was 
assessed by the application of a methodology described elsewhere (Badia et al. 2012a, 2012b) to the 
previously deconvoluted curves. Shortly, the methodology combined the isoconversional evaluation 
of the apparent activation energy, the use of master curves to define the kinetic function, a 
minimisation procedure to evaluate the reaction order, and the application of the Coats-Redfern 
criterion to ensure the validity of the kinetic triplet. All the mentioned equations can be found in the 
Supplementary material. 
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3.3.1. Isoconversional analysis of apparent activation energies 
The isoconversional methods developed by Flynn-Wall-Ozawa (FWO) (Flynn and Wall, 1966, 
Ozawa, 1970), Kissinger-Akahira-Sunose (KAS) (Akahira-Sunose, 1971) and Vyazovkin (VYZ) 
(Vyazovkin, 1997) were applied to evaluate the dependence of the apparent activation energy (Eaα) 
with the conversion degree of the reaction α=(m0-mi)·(m0-m∞)
-1

where m is the mass with the 
subscripts 0, i and ∞ stand for initial, instant and final times, respectively).  
The range =0.2-0.8 was evaluated for all kinetic analysis, where the main reactions of the process 
occurred. An example of the goodness of the KAS method for the sample PLA30, tested under inert 
conditions is shown in Fig 3a, where the analysed data show high linearity. Similar results were 
obtained for the rest of PLA/sisal biocomposites, with linear regression coefficients higher than 
0.98.  
The evolution of the apparent activation energy by the KAS method is shown in Fig 3b, which 
varied between a 10% range throughout the whole decomposition process. This Ea range was 
narrow enough to consider the Ea as constant during the interval of study for further analyses 
(Badia et al. 2013). 
The values of the apparent activation energy, as averaged from the calculations by the FWO, KAS 
and VYZ methods, for thermal decompositions taken under inert and oxidative conditions, are 
presented in Table 5. Despite the addition of fibres and the use of coupling agent did not result in a 
specific trend of Ea, the values varied between ~150-175 kJ·mol-1 under inert conditions, and 150-
195 kJ·mol-1 under oxidative conditions for the main thermal decomposition stage. Concerning the 
oxidative decomposition stage at higher conversion degrees, the Ea values were in the ~180-215 
kJ·mol-1 range, because it corresponded to the decomposition of carbon species with high C-content 
(Amutio et al. 2012).  
C. Moliner, J.D. Badia, B. Bosio, E. Arato, R. Teruel-Juanes, T. Kittikorn, E. Strömberg, M. Ek, S. Karlsson, A. Ribes-Greus, 




Fig 3. Goodness of the application of KAS method on PLA30 (a) and evolution of EaKAS for 
PLA/sisal biocomposites under Ar (b). Note: maximum error values below 10%. 
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Table 5. Kinetic triplet of PLA biocomposites under inert and oxidative conditions and 
associated error values (e) 
 
  Eaiso   ln (A)   Kinetic model: An 
Conditions Material (kJ/mol) e  A (min-1) e  n 
Ar 
PLA 148 8,3%  27,3 3,9%  1,65 
PLA10 171 7,3%  32,2 8,3%  1,24 
PLA20 168 4,9%  32,0 4,9%  1,27 
PLA30 130 12,4%  24,5 12,0%  1,35 
PLA10CA 174 4,9%  32,7 5,5%  1,08 
PLA20CA 150 11,3%  28,0 12,4%  1,16 
PLA30CA 169 4,2%  31,8 5,4%  1,08 
O2 – PEAK 1 
PLA 173 1,4%  33,5 0,9%  1,50 
PLA10 175 2,0%  34,4 2,2%  1,14 
PLA20 131 9,4%  24,8 5,5%  1,40 
PLA30 147 4,9%  28,6 5,2%  2,11 
PLA10CA 193 2,1%  38,4 2,0%  1,50 
PLA20CA 173 5,6%  34.2 5,2%  1,60 
PLA30CA 150 0,5%  29,34 1,5%  1,88 
         
O2 – PEAK 2 
PLA - -  - -  - 
PLA10 191 2,1%  36,7 1,9%  1,90 
PLA20 212 5,4%  41,3 5,5%  1,49 
PLA30 183 2,4%  35,7 3,1%  1,48 
PLA10CA 200 1,9%  39,1 2,0%  1,60 
PLA20CA 204 5,9%  39,9 6,4%  1,41 
PLA30CA 199 0,8%  39,0 1,3%  1,38 
 
 
It is worth remarking that, in terms of recovery of energy, the Ea values  of PLA/sisal 
biocomposites are lower than those of other commodity polymers like for example  PP ( ~100-250 
kJ·mol-1 (Gunasee et al. 2016)) or PET (~150-175 kJ·mol-1 (Badia et al. 2013)), and in the same 
order than other green polymers and green biocomposites, such as PHBV/sisal ( ~115-140 kJ·mol-1 
(Moliner et al. 2017a))  or Mater-Bi KE/kenaf (~160 kJ·mol-1 (Moriana et al. 2011)), therefore 
showing similar energy requirements to other plastics and bioplastics for energy valorisation 
processes.   
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3.3.2. Definition of the kinetic function by Master Curves 
In order to complete the design of the valoriser, the complete kinetic expression was evaluated and 
defined from the kinetic analysis of the biocomposites and the reduced Master Plot (MP) method. 
The experimental curves (MPe) are compared with the theoretical MP curves (MPt). The kinetic 
functions providing the best fitting defines the appropriate kinetic model (Gotor et al, 2000). The 
differential (MPf) and integral (MPg) curves were used and compared to experimental (MPe), 
choosing as the best model that which gave lower Ω (Badia et al. 2012a) in Eq. 3. 













The kinetic functions used for the analysis where the following: Rn: contracting-order (f(α,n)=n·(1- 
α)(n-1)/n); Dn: Diffusion (f(α)=-(ln(1- α))
-1); An: Avrami-Erofeyev (f(α,n)=n·(1-α)·[-ln(1-α)]
1/n); and 
Fn: n-order (f(α,n)=(1-α)
n), being n the reaction order in all cases. The complete description of all 
the kinetic functions can be found in the Supplementary Material.  
 
The MPf and MPg curves are given in Fig. 4 for PLA (a,b), PLA30 (c,d) and PLA30CA (e,f) under 
Ar and at 5 ºC·min-1 as model cases. Similar plots were obtained for the rest of PLA/sisal 
biocomposites regardless the heating rate and atmosphere of reaction. The results in Fig. 4 
suggested that the decomposition of PLA/sisal biocomposites could be explained by an An kinetic 
function. This is an advantage since it means that the same kinetic triplet determined for neat PLA 
(Badia et al. 2012a, 2012b) can model the kinetics of PLA/sisal biocomposites. To analytically 
calculate the exact order of reaction (n), the minimisation method described by Badia et al (Badia et 
al. 2012b) was applied to the main decomposition processes. 
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Fig 4. Master plots based on the differential (MPf ( ) and integral (MPg ( )) forms of the kinetic 
model compared to the experimental data (circles): PLA-Ar (a)-(b); PLA30-Ar (c)-(d); PLA30CA-
Ar (e)-(f); (solid black lines: An, solid red lines: Fn, dashed blue lines: Dn, dashed green lines: Rn, 
circles: experimental data) 
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3.3.3. Completion of the kinetic triplet: n and pre-exponential factor 
The exact order of reaction was obtained as a result of the accomplishment of the Coats-Redfern 
criterion according to which the coordinates [x, y] in Eq (4) should lie on the same straight line for 






























with g(α) being the integral form of the kinetic model previously obtained and R the ideal gas 
constant (8.31 J·mol-1·K-1).  
Finally, the pre-exponential factor (ln A) was obtained as the intercept in the origin of Eq. (4). 
Accordingly, the kinetic triplet corresponding to the main decomposition process for PLA and 
PLA/sisal biocomposites is completed in Table 4. The validation of the kinetic parameters is shown 
in Fig. 5 for PLA30CA under O2, as a model case, where all data lay in the same straight line. The 
rest of PLA/sisal biocomposites showed similar validation of parameters and are not shown for the 
sake of conciseness.  
 
Fig 5. Validation of the goodness of the kinetic triplet for PLA30CA-O2 
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To sum up, it seemed reasonable to state that the energy valorisation of PLA/sisal biocomposites 
was affordable both under inert and oxidative conditions, without relevant modifications of the 
operational settings in comparison to those of PLA. 
4. Conclusions 
The thermal stability and decomposition kinetics of PLA/sisal biocomposites was discussed to 
evaluate their suitability for their use in energy recovery processes such as pyrolysis and 
combustion.  
The suitability and optimal operational parameters of the inert and oxidative decompositions of 
PLA/sisal biocomposites was evaluated. The influence of the addition of sisal up to 30%wt, the 
presence of coupling agent, and the atmosphere of operation, i.e. inert or oxidative was discussed. 
The trigger of decomposition was more sensitive to oxidative conditions and for biocomposites with 
higher load of sisal and presence of coupling agent.  The minimum temperature of reaction and 
activation energy to ensure the decomposition of all the biocomposites were obtained for pyrolysis 
and complete oxidation processes.  
From an overall point of view, a minimum temperature of 240 °C and activation energy of 174 
kJ·mol-1 would be necessary to carry out the reaction of pyrolysis of the PLA and its biocomposites 
with sisal. For the case of oxidative reactions, 225 °C and 190 kJ·mol-1 would be required in order 
to perform the complete oxidation of the biocomposites. The same kinetic law following the 
Avrami-Erofeyev An, with reaction order n between 1 and 2, was found feasible for modelliing the 
decomposition kinetics of the PLA/sisal biocomposites both at inert and oxidative conditions, 
facilitating the energy valorisation regardless their composition. All biocomposites showed a mean 
high heating value of 15 MJ/kg indicating their suitability for energy recovery processes 
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In summary, a joint energy valorisation could be carried out as the parameters obtained from both 
processes did not vary in great measure with the addition of fibres or coupling agent to the 
polymeric matrix.  
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1. Determination of the activation energy with isoconversional methods 
Isoconversional methods use data from multi-linear non-isothermal experiments without taking 
modelistic assumptions for the kinetic analysis which are the main source of error in model-fitting 
methods.  
Among the integral linear methods, the most widely used are the expressions developed by Flynn-
Wall-Ozawa (FWO) supported on Doyle’s integral approximation and Kissinger-Akahira-Sunose 
(KAS) which are represented by Eq. (S1) and Eq. (S2), respectively. These methods are based on 
linear functions which slopes defined the Ea at a fixed α. 
[log⁡(𝛽)]𝑦 = 𝑙𝑜𝑔 (
𝐴𝛼 ∙ 𝐸𝑎𝛼
𝑅 ∙ 𝑔(𝛼)





























With g(α) being the inverse integral kinetic model defined as: 


























With i and j counters through the h experiments performed at the different heating rates. The 
activation energy Eaα is the value that minimises Ω in Eq. S4 for a given α. 
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2. Master Plots 
The reaction model may adopt various expressions, based on nucleation and nuclei growth, phase 
boundary reactions, diffusion or chemical reactions. Master Plots (MP) are reference theoretical 
curves (MPt) depending on the kinetic model, but generally independent of the kinetic parameters of 
the process. The experimental kinetic data can be easily transformed into experimental curves MPe 
that can be compared with the MPt to allow the selection of the appropriate kinetic model of the 
process under investigation.   
There exist three main types of MPt, those based on the differential form (MPf) of the generalized 
kinetic equation (Eq S5); those based on the integral form (MPg) (Eq. S6); and the most common 
one that combines both differential and integral forms (MPfg), that are usually reduced at α=0.5 for 
better visualization. 
Assuming A and Ea constant, due to interdependence of kinetic parameters, and using a reference 
point at α=0.5, the theoretical MPt and the expression for the reduced form of the experimental data 




































3. Independence of the heating rate 
In order to complete the kinetic triplet, the pre-exponential factor A has to be found. As well, the 
Perez-Maqueda et al criterion has to be accomplished; that is, the independence of the activation 
parameters Ea, A on the heating rate β. This criterion is usually employed with Ea and A invariable 



















Where {x, y} should lie on the same straight line to all heating rates.   
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